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Abstract
In this article, we take the scalar diquarks as point particles and describe
them as basic quantum fields, then introduce the SU(3) color gauge inter-
action and new vacuum condensates to study the nonet scalar mesons as
tetraquark states with the QCD sum rules. Comparing with the conventional
quark currents, the diquark currents have the outstanding advantage to satisfy
the two criteria of the QCD sum rules more easily.
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1 Introduction
The light flavor scalar mesons present a remarkable exception for the naive quark
model, and the structures of those mesons have not been unambiguously deter-
mined yet. The numerous candidates with JPC = 0++ below 2GeV cannot be
accommodated in one qq¯ nonet, some are supposed to be glueballs, molecular states
and tetraquark states (or their special superpositions) [1, 2, 3]. The a0(980) and
f0(980) are good candidates for the KK¯ molecular states [4], however, their cousins
σ(600) and κ(800) lie considerably higher than the corresponding thresholds, it is
difficult to identify them as the ππ and πK molecular states, respectively. There
may be different dynamics which dominate the 0++ mesons below and above 1GeV
respectively, and result in two scalar nonets below 1.7GeV [1, 2, 3]. The strong at-
tractions between the diquark states (qq)3 and (q¯q¯)3 in relative S-wave may result in
a nonet tetraquark states manifest below 1GeV, while the conventional 3P0 qq¯ nonet
have masses about (1.2− 1.6)GeV, and the well established 3P1 and 3P2 qq¯ nonets
with JPC = 1++ and 2++ respectively lie in the same region. Furthermore, there
are enough candidates for the 3P0 qq¯ nonet mesons, a0(1450), f0(1370), K
∗(1430),
f0(1500) and f0(1710) [5].
In the tetraquark scenario, the structures of the nonet scalar mesons in the ideal
1E-mail:wangzgyiti@yahoo.com.cn.
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mixing limit can be symbolically written as [6]
σ(600) = udu¯d¯, f0(980) =
usu¯s¯+ dsd¯s¯√
2
,
a−0 (980) = dsu¯s¯, a
0
0(980) =
usu¯s¯− dsd¯s¯√
2
, a+0 (980) = usd¯s¯,
κ+(800) = udd¯s¯, κ0(800) = udu¯s¯, κ¯0(800) = usu¯d¯, κ−(800) = dsu¯d¯ .
(1)
The four light isospin-1
2
Kπ resonances near 800MeV, known as the κ(800) mesons,
have not been firmly established yet, there are still controversy about their existence
due to the large width and nearby Kπ threshold [5].
In general, we may expect constructing the tetraquark currents and studying
the nonet scalar mesons below 1GeV as the tetraquark states with the QCD sum
rules [7, 8]. For the conventional mesons and baryons, the ”single-pole + continuum
states” model works well in representing the phenomenological spectral densities, the
continuum states are usually approximated by the contributions from the asymptotic
quarks and gluons, the Borel windows are rather large and reliable QCD sum rules
can be obtained. However, for the light flavor multiquark states, we cannot obtain
a Borel window to satisfy the two criteria (pole dominance and convergence of the
operator product expansion) of the QCD sum rules [9]. In Ref.[10], T. V. Brito et
al take the quarks as the basic quantum fields, and study the scalar mesons σ(600),
κ(800), f0(980) and a0(980) as the diquak-antidiquark states with the QCD sum
rules, and cannot obtain Borel windows to satisfy the two criteria, and resort to a
compromise between the two criteria. For the heavy tetraquark states and molecular
states, the two criteria can be satisfied, but the Borel windows are rather small [11].
We can take the colored diquarks as point particles and describe them as the basic
scalar, pseudoscalar, vector, axial-vector and tensor fields respectively to overcome
the embarrassment [12]. In this article, we construct the color singlet tetraquark
currents with the scalar diquark fields, parameterize the nonperturbative effects with
new vacuum condensates besides the gluon condensate, and perform the standard
procedure of the QCD sum rules to study the nonet scalar mesons below 1GeV.
The QCD sum rules are ”new” because the interpolating currents are constructed
from the basic diquark fields instead of the quark and gluon fields.
Whether or not the colored diquarks can be taken as basic constituents is of great
importance, because it provides a new spectroscopy for the mesons and baryons
[6, 13].
The article is arranged as follows: we derive the new QCD sum rules for the nonet
scalar mesons in Sect.2; in Sect.3, we present the numerical results and discussions;
and Sect.4 is reserved for our conclusions.
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2 The nonet scalar mesons with QCD Sum Rules
In the following, we write down the interpolating currents for the nonet scalar mesons
below 1GeV,
Jf0(x) =
Da(x)D¯a(x) + Ua(x)U¯a(x)√
2
,
Ja0(x) =
Da(x)D¯a(x)− Ua(x)U¯a(x)√
2
,
Jκ(x) = S
a(x)U¯a(x) ,
Jσ(x) = S
a(x)S¯a(x) , (2)
where
Ua(x) ∝ U˜a(x) = ǫabcdTb (x)Cγ5sc(x) ,
Da(x) ∝ D˜a(x) = ǫabcuTb (x)Cγ5sc(x) ,
Sa(x) ∝ S˜a(x) = ǫabcuTb (x)Cγ5dc(x) , (3)
the a, b, c are color indices, the C is the charge conjugation matrix, the Ua(x),
Da(x) and Sa(x) are basic scalar diquark fields, while the U˜a(x), D˜a(x) and S˜a(x)
are the corresponding scalar two-quark currents. In this article, we take the isospin
limit for the u and d quarks, and denote the fields Ua(x) and Da(x) as Qa(x).
For the general color antitriplet bilinear quark-quark fields q(x)q(y)2 and color
singlet bilinear quark-antiquark fields q(x)q¯(y), where the flavor, color and spin
indexes are not shown explicitly for simplicity, we can project them into a local
and a nonlocal part, after bosonization, the two parts are translated into a basic
quantum field and a bound state amplitude, respectively,
q(x)q(y) → D
(
x+ y
2
)
ΓD(x− y) ,
q(x)q¯(y) → M
(
x+ y
2
)
ΓM(x− y) , (4)
where the D(x) and M(x) denote the diquark and meson fields respectively, the
ΓD(x) and ΓM(x) denote the corresponding Bethe-Salpeter amplitudes respectively
[14, 15]. In Ref.[16], we study the structures of the pseudoscalar mesons π, K and
the scalar diquarks Ua, Da, Sa in the framework of the coupled rainbow Schwinger-
Dyson equation and ladder Bethe-Salpeter equation using a confining effective po-
tential, and observe that the dominant Dirac spinor structure of the Bethe-Salpeter
amplitudes of the scalar diquarks is Cγ5. If we take the local limit for the nonlocal
Bethe-Salpeter amplitudes, the dimension-1 scalar diquark fields Ua, Da and Sa are
2If we take the local limit in the scalar channels, the two-quark currents U˜a(x), D˜a(x) and
S˜a(x) are recovered.
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proportional to the dimension-3 scalar two-quark currents U˜a, D˜a and S˜a, respec-
tively. A dimension-1 quantity Λ can be introduced to represent the hadronization
U˜a ≈ Λ2Ua, D˜a ≈ Λ2Da and S˜a ≈ Λ2Sa.
The attractive interaction of one-gluon exchange favors formation of the diquarks
in color antitriplet 3c, flavor antitriplet 3f and spin singlet 1s [3, 17]. Lattice QCD
studies of the light flavors indicate that the strong attraction in the scalar diquark
channels favors the formation of good diquarks, the weaker attraction (the quark-
quark correlation is rather weak) in the axial-vector diquark channels maybe form
bad diquarks, the energy gap between the axial-vector and scalar diquarks is about
2
3
of the ∆-nucleon mass splitting, i.e. ≈ 0.2GeV [18], which is also expected from
the hypersplitting color-spin interaction 1
mimj
~Ti · ~Tj~σi ·~σj [3, 17]. On the other hand,
the studies based on the random instanton liquid model indicate that the instanton
induced quark-quark interactions are weakly repulsive in the vector and axial-vector
channels, strongly repulsive in the pseudoscalar channel, and strongly attractive in
the scalar and tensor channels [19]. So it is sensible to use the scalar diquark fields
to construct the tetraquark currents.
The two-point correlation functions Πi(p) can be written as
Πi(p) = i
∫
d4x eip.x〈0|T [Ji(x)Ji†(0)]|0〉 , (5)
where the current Ji(x) denotes Jf0(x), Ja0(x), Jκ(x) and Jσ(x).
We can insert a complete set of intermediate hadronic states with the same
quantum numbers as the current operators Ji(x) into the correlation functions Πi(p)
to obtain the hadronic representation [7, 8]. Isolating the ground state contributions
from the pole terms of the nonet scalar mesons, we obtain the results,
Πi(p) =
λ2i
M2i − p2
+
∑
h
〈0|Ji(0)|h(p)〉〈h(p)|J†i (0)|0〉
M2h − p2
,
= λ2i
∫ s0i
Θ2i
ds
δ (s−M2i )
s− p2 +
∫ ∞
s0i
ds
ρhi (s)
s− p2 , (6)
where theMi are the ground state masses, the λi are corresponding pole residues de-
fined by 〈0|Ji(0)|S(p)〉 = λi, the thresholds Θ2i = (2ms+2mq)2, (ms+3mq)2, (4mq)2
in the channels f0/a0(980), κ(800), σ(600) respectively, the s
0
i are the thresholds for
the higher resonances and continuum states |h〉, and the ρhi (s) are the corresponding
hadronic spectral densities.
We introduce the following new Lagrangian L,
L = 1
2
DµU †DµU + 1
2
DµD†DµD + 1
2
DµS†DµS − 1
2
m2UU
†U − 1
2
m2DD
†D
−1
2
m2SS
†S + · · · , (7)
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Figure 1: The typical diagrams we calculate in the operator product expansion,
where the solid line denotes the diquark propagators.
where Dµ = ∂µ − igsGµ, and carry out the operator product expansion with the
basic diquark fields U , D and S instead of the quark fields u, d and s, and we have
neglected the terms concerning the heavy diquark fields in the Lagrangian. In the
QCD, the basic quantum fields are the quark and gluon fields, the attractive interac-
tions in the color antitriplet 3c, flavor antitriplet 3f and spin singlet 1s quark-quark
channels favor formation of the scalar diquarks, we can absorb some effects of the
quark-gluon interactions into the effective diquark masses, which are characterized
by the correlation length L ∼ 1
D
. At the distance l > L, the 3¯c diquark state com-
bines with one quark or one 3c antidiquark to form a baryon state or a tetraquark
state, while at the distance l < L, the 3¯c diquark states dissociate into asymptotic
quarks and gluons gradually, the strength of the quark-quark correlations is very
weak. Just like the quarks, the diquarks have three colors, and can be gauged with
the same SU(3) color group to embody the residual quark-gluon interactions.
In calculations, we take into account all diagrams like the typical ones shown
in Fig.1, introduce new vacuum diquark condensates 〈Q¯Q〉 and 〈S¯S〉 besides the
gluon condensate to parameterize the nonperturbative QCD vacuum, and consider
the vacuum condensates up to dimension four. In the QCD sum rules, the high
dimensional vacuum condensates are usually suppressed by large denominators or
additional powers of the inverse Borel parameters 1
T 2
, the net contributions are
very small. For example, in the present case the contributions of the dimension-6
vacuum condensates can be estimated as 〈Q¯Q〉〈αsGG
pi
〉 1
T 6
≈ 0.000037 GeV6
T 6
, which is a
tiny quantity. If additional suppressions originate from the denominators are taken
into account, the contributions are even smaller, and can be safely neglected.
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Once the analytical results are obtained, then we can take the dualities below
the thresholds s0 and perform the Borel transform with respect to the variable
P 2 = −p2, finally we obtain the following sum rules,
λ2i e
−
M2i
T2 =
∫ s0i
∆2i
dse−
s
T2 ρi(s) , (8)
where the ρi(s) denote the QCD spectral densities ρf0/a0(s), ρσ(s) and ρκ(s),
ρf0/a0(s) =
3
16π2
+ 2〈Q¯Q〉δ(s−m2Q)−
m2Q
96T 4
〈αsGG
π
〉
∫ 1
0
dx
1
x3
δ(s− m˜2Q) ,
ρσ(s) =
3
16π2
+ 2〈S¯S〉δ(s−m2S)−
m2S
96T 4
〈αsGG
π
〉
∫ 1
0
dx
1
x3
δ(s− m˜2S) ,
ρκ(s) =
3
16π2
+ 〈Q¯Q〉δ(s−m2S) + 〈S¯S〉δ(s−m2Q)
− 1
192T 4
〈αsGG
π
〉
∫ 1
0
dx
[
m2Q
x3
+
m2S
(1− x)3
]
δ(s− m̂2Q/S) , (9)
m˜2S/Q =
m2
S/Q
x(1−x)
, m̂2S/Q =
m2Q
x
+
m2S
1−x
, ∆2i = (2mQ)
2, (mQ+mS)
2, (2mS)
2 in the channels
f0/a0(980), κ(800), σ(600) respectively, and the T
2 is the Borel parameter. The
threshold parameters ∆2i are different from the corresponding Θ
2
i in Eq.(6), because
we absorb some QCD interactions into the effective diquark masses.
Differentiate Eq.(8) with respect to 1
T 2
, then eliminate the pole residues λi, we
can obtain the sum rules for the masses of the nonet scalar mesons,
M2i =
∫ s0i
∆2i
ds d
d(−1/T 2)
ρi(s)e
− s
T2∫ s0i
∆2i
dsρi(s)e
− s
T2
. (10)
3 Numerical Results
We estimate the vacuum diquark condensates 〈Q¯Q〉 and 〈S¯S〉 with the assumption
of the vacuum saturation, which works well in the large Nc limit,
〈Q˜Q˜〉 = 〈q¯q〉〈s¯s〉
6
= Λ4〈Q¯Q〉 ,
〈S˜S˜〉 = 〈q¯q〉
2
6
= Λ4〈S¯S〉 , (11)
where the Λ is a quantity has dimension of mass and can be taken as the confinement
energy scale Λ = 0.3GeV. At the energy scale µ = 1GeV, 〈s¯s〉 = 0.8〈q¯q〉, 〈q¯q〉 =
−(0.24GeV)3, 〈αsGG
pi
〉 = (0.33GeV)4 [7, 8], and 〈Q¯Q〉 = 0.8〈S¯S〉 = 0.0031GeV2.
The quark condensates play a special role being responsible for the spontaneous
breaking of the chiral symmetry, and relate with the masses and decay constants of
6
the light pseudoscalar mesons through the Gell-Mann-Oakes-Renner relation [20].
The values of other vacuum condensates, such as the mixed condensates, the four
quark condensates and the gluon condensates, cannot be obtained from the first
principles, we usually calculate them with the lattice QCD, the instanton models, or
determine them empirically by fitting the QCD sum rules to the experimental data.
In this article, we introduce the diquark condensates 〈Q¯Q〉 and 〈S¯S〉 to parameterize
the nonperturbative QCD vacuum, and assume that they relate with the four quark
condensates (therefore they have implicit relations with the spontaneous breaking of
the chiral symmetry), and take the dimension-one parameter Λ to be the confinement
energy scale, as the scalar mesons f0(980), a0(980), κ(800) and σ(600) are bound
states which consist of the confined quarks and gluons, and some parameters are
needed to embody the confinement. On the other hand, we can understand the
parameter Λ = 0.3GeV as a fitted value, which happens to be the confinement
energy scale, the crude estimation works well.
We take the updated values of the diquark masses from the QCD sum rules for
consistency, where the interpolating currents U˜a(x), D˜a(x) and S˜a(x) are used [21],
mQ = 0.46GeV andmS = 0.40GeV; the scalar diquarks were originally studied with
the QCD sum rules about twenty years ago [22]. There have been several theoretical
approaches to estimate the diquark masses, for example, the simple constituent
diquark mass plus hyperfine spin-spin interaction model [23].
The f0(980) and a0(980) are well established, and the existence of the σ(600) me-
son is confirmed, although there are controversy about its mass and width, the values
listed in the Review of Particle Physics are (400−1200)MeV and (600−1000)MeV
respectively [5]. As far as the κ(800) are concerned, there are still controversy
about their existence, we take them as the S-wave isospin-1
2
Kπ resonance with
the Breit-Wigner mass about 850MeV. The E791 collaboration observed a low-
mass scalar Kπ resonance with the Breit-Wigner mass M = (797 ± 19 ± 43)MeV
and width Γ = (410 ± 43 ± 87)MeV respectively in the decay D+ → K−π+π+
[24], and the BES collaboration observed a clear low mass enhancement in the
invariant Kπ mass distribution in the decay J/ψ → K¯∗(892)K+π− with the Breit-
Wigner mass M = (878 ± 23+64−55)MeV and width Γ = (499 ± 52+55−87)MeV, respec-
tively [25]. Recently, the BES collaboration reported the charged κ(800) in the
decay J/ψ → K∗(892)∓Ksπ± with the Breit-Wigner mass M = (826± 49+49−34)MeV
and width Γ = (449 ± 156+144−81 )MeV, respectively [26]. It is sensible to estimate
Mf0/a0−Mκ = ms−mq = 0.14GeV. On the other hand, the QCD sum rules for the
tetraquark states indicate thatMκ = (0.80−0.88)GeV andMσ = (0.72−0.80)GeV
[27].
Assuming the energy gap between the ground and first radial excited tetraquark
states is about 0.5GeV, we can tentatively determine the threshold parameters
s0f0/a0 = (1.0 + 0.5)
2GeV2, s0κ = (0.85 + 0.5)
2GeV2, and s0σ = (0.75 + 0.5)
2GeV2.
The convergence behavior of the operator product expansion is very good, the
contributions from the different terms have the hierarchy: perturbative-term >
〈Q¯Q〉 ≫ 〈αsGG
pi
〉. In calculation, we take uniform minimum value for the Borel
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parameters T 2min = µ
2 = 1.0GeV2. The perturbative continuum 3
16pi2
Θ(s − s0) is
suppressed by the factor e−
s
T2 , the contributions from the pole terms are very large,
see Fig.2. In this article, we take uniform maximum value for the Borel parame-
ters, T 2max = 1.9GeV
2, the contributions from the pole terms are about (61− 84)%,
(54 − 79)% and (51 − 75)% in the channels f0(980)/a0(980), κ(800) and σ(600),
respectively. The two criteria (pole dominance and convergence of the operator
product expansion) of the QCD sum rules are well satisfied.
If the conventional quark currents are chosen, the multiquark states i.e. tetraquark
states, pentaquark states, hexaquark states, etc, have the spectral densities ρ ∼ sn
with the largest n ≥ 4, the integral ∫∞
0
sne−
s
T2 ds converges slowly [9]. If one don’t
want to release the criterion of pole dominance, we have to either postpone the
threshold parameter s0 to very large value or choose very small value for the Borel
parameter T 2max. With large value of the threshold parameter s0 , for example,
s0 ≫ M2gr, here gr stands for the ground state, the contributions from the high
resonance states and continuum states are included in, we cannot use single-pole (or
ground state) approximation for the spectral densities; on the other hand, with very
small value of the Borel parameter T 2max, the Borel window T
2
max − T 2min shrinks to
zero or very small values.
The numerical values of the masses and pole residues are presented in Table 1
and Figs.3-4. From Table 1, we can see that the present predictions are compatible
with (or not in conflict with) the experimental data [5, 24, 25, 26] and theoretical
estimations [27].
The scalar tetraquark currents Jf0/a0(x), Jκ(x) and Jσ(x) maybe have non-
vanishing couplings with the scattering states ππ, KK¯, Kπ, Kη, πη, ηη, etc, for
example,
〈0|Jf0(0)|ππ(p)〉 = λf0pipi ,
〈0|Jf0(0)|KK¯(p)〉 = λf0KK . (12)
If the couplings denoted by the λf0pipi and λf0KK are strong enough, the contamina-
tions from the continuum states are expected to be large. In the following, we study
the contributions of the intermediate pseudoscalar meson loops to the correlation
8
function Πf0(p) in details as an example,
Πf0(p) =
λ2f0
M2f0 − p2
− i λf0
p2 −M2f0
gf0pipiΣpipi(p)gf0pipi
λf0
p2 −M2f0
−i λf0
p2 −M2f0
gf0KKΣKK(p)gf0KK
λf0
p2 −M2f0
− λf0
p2 −M2f0
gf0pipiΣpipi(p)Tpipi→pipiΣpipi(p)gf0pipi
λf0
p2 −M2f0
− λf0
p2 −M2f0
gf0pipiΣpipi(p)Tpipi→KK¯ΣKK(p)gf0KK
λf0
p2 −M2f0
− λf0
p2 −M2f0
gf0KKΣKK(p)TKK¯→pipiΣpipi(p)gf0pipi
λf0
p2 −M2f0
− λf0
p2 −M2f0
gf0KKΣKK(p)TKK¯→KK¯ΣKK(p)gf0KK
λf0
p2 −M2f0
+ · · · ,(13)
where
Σpipi(p) =
∫
d4q
(2π)4
1
[q2 −m2pi] [(p− q)2 −m2pi]
,
ΣKK(p) =
∫
d4q
(2π)4
1
[q2 −m2K ] [(p− q)2 −m2K ]
, (14)
the gf0pipi, gf0KK are the strong coupling constants between the f0(980) and the
pseudoscalar meson pairs ππ, KK¯ respectively, and the Tpipi→pipi, Tpipi→KK¯, TKK¯→pipi,
TKK¯→KK¯ are the scattering amplitudes among the pseudoscalar meson pairs ππ
and KK¯. The couplings λf0pipi and λf0KK are complicated functions of the Mf0 , p
2,
λf0, Tpipi→pipi, Tpipi→KK¯, TKK¯→pipi, TKK¯→KK¯, gf0pipi and gf0KK , the explicit expressions
are difficult to obtain. We should bear in mind that the intermediate meson loops
contribute a self-energy to the scalar meson f0(980), and therefore the scalar me-
son f0(980) develops a Breit-Wigner width. In fact, the scalar mesons f0/a0(980),
κ(800) and σ(600) below 1GeV can be generated dynamically from the unitaried
scattering amplitudes of the pseudoscalar mesons [28]. We can take into account
those meson loops effectively by taking the following replacement for the hadronic
spectral density,
δ
(
s−M2f0
) → 1
π
√
sΓf0(
s−M2f0
)2
+ sΓ2f0
, (15)
here we neglect the complicated renormalization procedure, take the physical values,
and ignore the energy scale dependence of the massMf0 and pole residue λf0 for sim-
plicity; the approximation works well. The QCD sum rules for other scalar mesons
are treated with the same routine. In Ref.[29], Dai et al perform the renormaliza-
tion procedure in details to take into account the contributions from the continuum
states.
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tetraquark states mass (GeV) pole residue (GeV)
f0(980)/a0(980) 0.94− 1.04 0.16− 0.17
κ(800) 0.84− 0.93 0.15− 0.16
σ(600) 0.77− 0.84 ≈ 0.15
f0(980)/a0(980) [(40− 100)MeV] 0.94− 1.04∗
κ(800) [550MeV] 0.79− 0.88∗
σ(600) [400MeV] 0.77− 0.84∗
σ(600) [800MeV] 0.72− 0.80∗
σ(600) [1200MeV] 0.69− 0.77∗
Table 1: The masses and the pole residues of the nonet 0++ tetraquark states. The
star denotes the modified masses from the sum rules where the finite widths shown
in the bracket are taken into account in the hadronic spectral densities.
The widths listed in the Review of Particle Physics are Γf0 = (40 − 100)MeV,
Γa0 = (50−100)MeV, Γκ = (550±34)MeV and Γσ = (400−1200)MeV, respectively
[5]. Taking into account the finite widths, we can obtain the modified masses from
the corresponding QCD sum rules, which are shown in Table 1 and Fig.5. In cal-
culation, we observe that the narrow width Γf0/a0 modifies the mass Mf0/a0 slightly
and the effect can be neglected safely, while the broad widths Γκ and Γσ reduce the
masses Mκ and Mσ about 55MeV and (0− 75)MeV, respectively. Comparing with
the experimental data [5, 24, 25, 26], the modified masses are better.
The scalar tetraquark currents Jf0/a0(x), Jκ(x) and Jσ(x) maybe also have non-
vanishing couplings with the higher resonances a0(1450), f0(1370),K
∗(1430), f0(1500)
and f0(1710), which are supposed to be the
3P0 qq¯ states or glueballs, the couplings
should be very small. Furthermore, the threshold parameters are s0 = 2.25GeV
2,
1.82GeV2 and 1.56GeV2 in the channels f0/a0(980), κ(800) and σ(600), respec-
tively, the contaminations should be very small.
4 Conclusions
In this article, we take the scalar diquarks as the point particles and describe them
as the basic quantum fields, then introduce the SU(3) color gauge interactions,
and construct the tetraquark currents which consist of the scalar fields to study
the nonet scalar mesons as tetraquark states with the new QCD sum rules. The
numerical values are compatible with (or not in conflict with) the experimental data
and theoretical estimations. Comparing with the conventional quark currents, the
diquark currents have the outstanding advantage to satisfy the two criteria of the
QCD sum rules more easily, the new sum rules can be extended to study other
multiquark states.
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Figure 2: The contributions from the pole terms. The A, B and C correspond to
the channels f0(980)/a0(980), κ(800) and σ(600) respectively.
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Figure 3: The masses of the nonet scalar tetraquark states. The A, B and C
correspond to the channels f0(980)/a0(980), κ(800) and σ(600) respectively.
11
0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1
0.10
0.11
0.12
0.13
0.14
0.15
0.16
0.17
0.18
0.19
0.20
 
 
 [G
eV
]
T2 [GeV2]
 A;
 B;
 C.
Figure 4: The pole residues of the nonet scalar tetraquark states. The A, B and C
correspond to the channels f0(980)/a0(980), κ(800) and σ(600) respectively.
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Figure 5: The modified masses of the nonet scalar tetraquark states. The A, B and
C correspond to the channels f0(980)/a0(980), κ(800) and σ(600) respectively. The
values in the bracket denote the finite widths in the hadronic spectral densities.
12
Acknowledgment
This work is supported by National Natural Science Foundation of China, Grant
Number 11075053, and the Fundamental Research Funds for the Central Universi-
ties.
References
[1] S. Godfray and J. Napolitano, Rev. Mod. Phys. 71 (1999) 1411.
[2] F. E. Close and N. A. Tornqvist, J. Phys. G28 (2002) R249; C. Amsler and
N. A. Tornqvist, Phys. Rept. 389 (2004) 61; E. Klempt and A. Zaitsev, Phys.
Rept. 454 (2007) 1.
[3] R. L. Jaffe, Phys. Rept. 409 (2005) 1.
[4] J. Weinstein and N. Isgur, Phys. Rev. Lett. 48 (1982) 659; F. E. Close, N. Isgur
and S. Kumana, Nucl. Phys. B389 (1993) 513; N. N. Achasov, V. V. Gubin
and V. I. Shevchenko, Phys. Rev. D56 (1997) 203.
[5] K. Nakamura et al, J. Phys. G37 (2010) 075021.
[6] R. L. Jaffe, Phys. Rev. D15 (1977) 267; Phys. Rev. D15 (1977) 281.
[7] M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Nucl. Phys. B147 (1979)
385.
[8] L. J. Reinders, H. Rubinstein and S. Yazaki, Phys. Rept. 127 (1985) 1.
[9] R. D. Matheus and S. Narison, Nucl. Phys. Proc. Suppl. 152 (2006) 236; Z. G.
Wang, S. L. Wan and W. M. Yang, Eur. Phys. J. C45 (2006) 201.
[10] T. V. Brito, F. S. Navarra, M. Nielsen and M. E. Bracco, Phys. Lett. B608
(2005) 69.
[11] Z. G. Wang, Eur. Phys. J. C62 (2009) 375; Z. G. Wang, Eur. Phys. J. C63
(2009) 115; R. D. Matheus, S. Narison, M. Nielsen and J. M. Richard, Phys.
Rev. D75 (2007) 014005; Z. G. Wang, Eur. Phys. J. C67 (2010) 411.
[12] Z. G. Wang, Eur. Phys. J. C70 (2010) 139.
[13] A. Selem and F. Wilczek, hep-ph/0602128; T. Friedmann, arXiv:0910.2229.
[14] P. C. Tandy, Prog. Part. Nucl. Phys. 39 (1997) 117.
[15] R. T. Cahill, J. Praschifka and C. J. Burden, Austral. J. Phys. 42 (1989) 161.
13
[16] Z. G. Wang, S. L. Wan and W. M. Yang, Commun. Theor. Phys. 47 (2007)
287.
[17] A. De Rujula, H. Georgi and S. L. Glashow, Phys. Rev. D12 (1975) 147.
[18] C. Alexandrou, P. de Forcrand and B. Lucini, Phys. Rev. Lett. 97 (2006)
222002; M. Hess, F. Karsch, E. Laermann and I. Wetzorke, Phys. Rev. D58
(1998) 111502.
[19] T. Schafer, E. V. Shuryak and J. J. M. Verbaarschot, Nucl. Phys. B412 (1994)
143.
[20] M. Gell-Mann, R. J. Oakes and B. Renner, Phys. Rev. 175 (1968) 2195.
[21] A. Zhang, T. Huang and T. G. Steele, Phys. Rev. D76 (2007) 036004.
[22] H. G. Dosch, M. Jamin and B. Stech, Z. Phys. C42 (1989) 167; M. Jamin and
M. Neubert, Phys. Lett. B238 (1990) 387.
[23] L. Maiani, A. Polosa, F. Piccinini and V. Riquer, Phys. Rev. Lett. 93 (2004)
212002.
[24] E. M. Aitala et al, Phys. Rev. Lett. 89 (2002) 121801.
[25] M. Ablikim et al, Phys. Lett. B633 (2006) 681.
[26] M. Ablikim et al, Phys. Lett. B698 (2011) 183.
[27] Z. G. Wang, W. M. Yang and S. L. Wan, J. Phys. G31 (2005) 971.
[28] J. A. Oller, E. Oset and A. Ramos, Prog. Part. Nucl. Phys. 45 (2000) 157.
[29] Y. B. Dai, X. Q. Li, S. L. Zhu and Y. B. Zuo, Eur. Phys. J. C55 (2008) 249.
14
